Swi2/Snf2-type ATPases regulate genome-associated processes such as transcription, replication and repair by catalysing the disruption, assembly or remodelling of nucleosomes or other protein-DNA complexes 1, 2 . It has been suggested that ATP-driven motor activity along DNA disrupts target protein-DNA interactions in the remodelling reaction [3] [4] [5] . However, the complex and highly specific remodelling reactions are poorly understood, mostly because of a lack of high-resolution structural information about how remodellers bind to their substrate proteins. Mot1 (modifier of transcription 1 in Saccharomyces cerevisiae, denoted BTAF1 in humans) is a Swi2/Snf2 enzyme that specifically displaces the TATA box binding protein (TBP) from the promoter DNA and regulates transcription globally by generating a highly dynamic TBP pool in the cell 6, 7 . As a Swi2/Snf2 enzyme that functions as a single polypeptide and interacts with a relatively simple substrate, Mot1 offers an ideal system from which to gain a better understanding of this important enzyme family. To reveal how Mot1 specifically disrupts TBP-DNA complexes, we combined crystal and electron microscopy structures of Mot1-TBP from Encephalitozoon cuniculi with biochemical studies. Here we show that Mot1 wraps around TBP and seems to act like a bottle opener: a spring-like array of 16 HEAT (huntingtin, elongation factor 3, protein phosphatase 2A and lipid kinase TOR) repeats grips the DNA-distal side of TBP via loop insertions, and the Swi2/Snf2 domain binds to upstream DNA, positioned to weaken the TBP-DNA interaction by DNA translocation. A 'latch' subsequently blocks the DNA-binding groove of TBP, acting as a chaperone to prevent DNA re-association and ensure efficient promoter clearance. This work shows how a remodelling enzyme can combine both motor and chaperone activities to achieve functional specificity using a conserved Swi2/Snf2 translocase.
Swi2/Snf2-type ATPases regulate genome-associated processes such as transcription, replication and repair by catalysing the disruption, assembly or remodelling of nucleosomes or other protein-DNA complexes 1, 2 . It has been suggested that ATP-driven motor activity along DNA disrupts target protein-DNA interactions in the remodelling reaction [3] [4] [5] . However, the complex and highly specific remodelling reactions are poorly understood, mostly because of a lack of high-resolution structural information about how remodellers bind to their substrate proteins. Mot1 (modifier of transcription 1 in Saccharomyces cerevisiae, denoted BTAF1 in humans) is a Swi2/Snf2 enzyme that specifically displaces the TATA box binding protein (TBP) from the promoter DNA and regulates transcription globally by generating a highly dynamic TBP pool in the cell 6, 7 . As a Swi2/Snf2 enzyme that functions as a single polypeptide and interacts with a relatively simple substrate, Mot1 offers an ideal system from which to gain a better understanding of this important enzyme family. To reveal how Mot1 specifically disrupts TBP-DNA complexes, we combined crystal and electron microscopy structures of Mot1-TBP from Encephalitozoon cuniculi with biochemical studies. Here we show that Mot1 wraps around TBP and seems to act like a bottle opener: a spring-like array of 16 HEAT (huntingtin, elongation factor 3, protein phosphatase 2A and lipid kinase TOR) repeats grips the DNA-distal side of TBP via loop insertions, and the Swi2/Snf2 domain binds to upstream DNA, positioned to weaken the TBP-DNA interaction by DNA translocation. A 'latch' subsequently blocks the DNA-binding groove of TBP, acting as a chaperone to prevent DNA re-association and ensure efficient promoter clearance. This work shows how a remodelling enzyme can combine both motor and chaperone activities to achieve functional specificity using a conserved Swi2/Snf2 translocase.
Mot1 is highly conserved among eukaryotes and consists of an amino-terminal TBP binding region of approximately 90-140 kDa with predicted HEAT repeats, followed by a carboxy-terminal Swi2/ Snf2-type ATPase domain of approximately 60-70 kDa (refs 8, 9) . To provide a structural framework for a remodeller-substrate complex, we determined the crystal structure of the N-terminal domain (NTD) of Encephalitozoon cuniculi (Ec) Mot1 (comprising the HEAT domain, residues 1-779, but lacking the ATPase domain, residues 780-1256) in complex with full-length EcTBP, to 3.1 Å resolution ( Fig. 1 and Supplementary Table 1 ). EcMot1 has the characteristic sequence and biochemical features of S. cerevisiae (Sc) Mot1 and human BTAF1, including TBP-and DNA-stimulated ATPase activity, TBP binding via its HEAT domain, and, most importantly, ATP-stimulated TBP displacement from TATA DNA ( Supplementary Figs 1 and 2) .
The EcMot1 NTD consists of a highly elongated stretch of 16 HEAT repeats, arranged in a horseshoe shape with dimensions of about 95 Å 3 85 Å 3 40 Å , and it forms a specific 1:1 complex with EcTBP ( Fig. 1) . Notably, Mot1 wraps around one side of the pseudosymmetric TBP and grips both the convex protein-interacting surface and the concave DNA-binding surface of TBP via several loop insertions in the array of HEAT repeats. This wrapping interaction enables Mot1 to split the very stable EcTBP dimer that forms in the absence of DNA 10 , and that we observed biochemically and in a separate crystal structure of EcTBP alone at 1.9 Å resolution (Supplementary Fig. 3a and Supplementary Table 1 ). Despite this dual-sided grip, Mot1 does not alter the structure of TBP substantially because EcTBP bound to Mot1, EcTBP in the TBP dimer and ScTBP bound to DNA are all very similar (Supplementary Fig. 3c-f ). This indicates that remodelling of TBP does not proceed via changes in TBP structure as a simple consequence of Mot1 binding, but requires the ATP-dependent action of the Swi2/ Snf2 domain.
Promoter-bound TBP has its DNA-binding surface occupied, so Mot1 uses highly complementary HEAT-repeat loops to recognize the convex protein-interaction surface of TBP (Fig. 2a) . In TBP, a-helices H1 and H2 are bound by the loop of HEAT repeat 4 (residues 209-221), and by interactions with a-helix 13 in HEAT repeat 5 and a-helix 15 in HEAT repeat 6. Most of these interactions are ion pairs between TBP R46 and Mot1 Q256, TBP R48 and Mot1 D212, TBP R65 and  Mot1 D215, TBP R96 and Mot1 D216, TBP K99 and Mot1 D216,  TBP K103 and Mot1 D290 and TBP K103 and Mot1 D292 (Supplementary Table 2 ). In addition, Mot1 F213 binds to a hydrophobic cleft between H1, H2 and b-sheet S2, providing a hydrophobic anchor, and Mot1 residues F210 and W255 pack against the side chains of TBP residues R48 and K103.
These interactions are well conserved evolutionarily (Supplementary Fig. 4a and Supplementary Table 2) and are supported by functional data in vivo and in vitro. For instance, ScTBP K145 (EcTBP K103) is an essential residue for stabilization of the ScMot1-ScTBP interaction 8 . We mutated K103 in EcTBP and observed that EcTBP(K103E) failed to form a stable complex with EcMot1(NTD) in vitro (Fig. 2b) . Moreover, mutation of D365 (D212 in EcMot1) inactivated ScMot1 in vivo and abolished the Mot1-TBP interaction in vitro 8 . Mutations of K138 in ScTBP also impaired the interaction with ScMot1, consistent with the projection of the homologous side chains into the EcMot1(NTD)-EcTBP interface 8, 11 . The distribution of residues along the length of the EcMot1 NTD is also consistent with earlier work showing that broad segments of the ScMot1 and BTAF1 N termini are important for stable interaction with TBP 8, 9, 12 . Thus, the specific interaction interface between the Mot1 HEAT repeats and the convex surface of TBP is well suited to provide specific recognition of the TBP surface in the TBP-promoter complex, explaining why Mot1 specifically targets TBP-DNA and not other protein-DNA complexes.
Unexpectedly, the concave DNA-binding surface of TBP, accessible only when TBP is displaced from promoter DNA, is bound by Mot1 as well (Fig. 2c) . A long 'latch', located between HEAT repeats 2 and 3, protrudes from the side of Mot1 distal to TBP and wraps all the way around the side of Mot1 and TBP. Notably, its tip (residues 101-130) substitutes for interactions made by four base pairs (bp) at and immediately downstream from the TATA sequence ( To test the function of the latch, we generated the mutants EcMot1(Dlatch) and EcMot1(NTDDlatch) that lack residues 96-132. Both proteins can still interact with EcTBP with approximately equal Mot1:TBP molarity ( Supplementary Fig. 4b ). This observation indicates that EcTBP is mainly bound by acidic loops of HEAT repeats 4-6 in Mot1. However, the latch might prevent TBP rebinding to DNA (after DNA dissociation) and might also prevent homodimerization by saturating the exposed, hydrophobic DNA-binding cleft of TBP (see Fig. 1) . b, Wildtype EcTBP and EcMot1(NTD) (green) can form a stable complex, whereas the EcTBP(K103E) mutant does not co-elute with EcMot1(NTD) (pink) in size exclusion chromatography (Supplementary Fig. 1b) . c, d, The latch of EcMot1 (pink, shown in c) overlaps with the DNA-binding region (shown in d) of EcTBP (blue). Some bases of the superimposed DNA (wheat, from PDB 1YTB 29 ) were omitted. e, f, Electrophoretic mobility shift assays (for corresponding quantifications see Supplementary Fig. 4 ). e, EcMot1(Dlatch) formed stable ternary complexes with EcTBP-DNA (lane 5). However, although wild-type EcMot1 largely cleared the DNA probe of bound TBP in an ATP-dependent reaction (lane 4), EcMot1(Dlatch) was less efficient in TBP removal (lane 6). f, EcMot1 was incubated with EcTBP after (A) or before (B) the addition of DNA. Preincubation of the two proteins inhibited TBP's ability to bind DNA. g, EcMot1(Dlatch) dissociated EcTBP-DNA less efficiently than wild-type EcMot1. ATP was added to pre-formed EcMot1-EcTBP-DNA or EcMot1(Dlatch)-EcTBP-DNA ternary complexes, and the proportion of free DNA was quantified by electrophoretic mobility shift assays at various times thereafter. Data represent mean and standard error from two independent experiments. RESEARCH LETTER Supplementary Fig. 3b ). Indeed, whereas EcMot1(NTD) forms a heterodimer with EcTBP, we found that EcMot1(NTDDlatch) forms a 2:2 complex with EcTBP (Supplementary Table 3 ). The most likely explanation is that two EcMot1(NTDDlatch) molecules bind the EcTBP dimer, but fail to dissociate the dimer owing to the absence of the latch. Because EcMot1(Dlatch) in complex with EcTBP does not show a substantially increased hydrodynamic radius compared to the wild-type complex in gel filtration ( Supplementary Fig. 4b ), it is likely that the Swi2/Snf2 domain sterically prevents dimerization of EcMot1(Dlatch) via TBP dimers.
Thus, although one function of the latch might be to keep TBP in a monomeric state, a more intriguing role might be to interfere with DNA binding by TBP. To test this, we analysed the ability of the EcMot1(Dlatch) protein to bind to the TBP-DNA complex. In contrast to wild-type EcMot1, EcMot1(Dlatch) formed readily detectable ternary complexes with EcTBP and DNA (Fig. 2e, f) , indicating that the latch makes the association of EcMot1 with EcTBP-DNA less stable. Although it bound to TBP-DNA more efficiently, EcMot1(Dlatch) was notably impaired in ATP-dependent TBP-DNA dissociation (Fig. 2e-g and Supplementary Fig. 4d, e) . This was not due to a defect in ATPase activity ( Supplementary Fig. 4g ). Moreover, when combined with EcTBP before DNA addition, EcMot1 inhibited DNA binding by EcTBP ( Fig. 2f and Supplementary Fig. 4e ). EcMot1(NTD) also inhibited DNA binding by EcTBP in a reaction that required the latch ( Supplementary Fig. 4c, f) . However, the latch was not essential for inhibiting the EcTBP-DNA interaction in the context of the full-length EcMot1 protein ( Fig. 2f and Supplementary Fig. 4e ), indicating that both the latch and the ATPase domain can modulate EcTBP DNAbinding activity. Taken together, the data indicate that the latch has 'chaperone' activity and regulates macromolecular interactions with the hydrophobic groove of TBP. Because DNA binding and latch binding to TBP are mutually exclusive (Fig. 2d) , it is unlikely that the latch initially disrupts the TBP-DNA complex. Consistent with this, EcMot1(Dlatch) was able to displace TBP from DNA using ATP, but the overall level of displacement was increased by the latch (Fig. 2g) . Thus, our combined data can be explained by a physiologically plausible model in which the ATP-dependent action of the Swi2/ Snf2 domain remodels TBP-TATA first, and then the latch blocks the exposed hydrophobic groove to prevent rebinding.
To reveal the architecture of the whole E. cuniculi Mot1-TBP complex, including its Swi2/Snf2 domain, we generated three-dimensional reconstructions of negatively stained EcMot1-EcTBP particles visualized in electron micrographs ( Fig. 3a and Supplementary Fig. 5 ). The three-dimensional reconstruction is shaped like a slightly closed 'C' with a globular protrusion, and is similar to the three-dimensional reconstructions of the human TBP-BTAF1 complex 13 . To locate the Swi2/Snf2 domain unambiguously, we imaged a complex of EcTBP with a deletion mutant of EcMot1 in which the C-terminal half of the Swi2/Snf2 domain was truncated (EcMot1(DCT)) (Supplementary Figs 5 and 6c). We found that the prominent protrusion is missing from this complex, indicating that this protrusion corresponds to the C-terminal half of the ATPase (Fig. 3b) 
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adopts a slightly different conformation, not unexpected for a large HEAT array, a particular lateral density patch was seen to be missing, thereby defining the location of TBP in the complex. Altogether, these data allowed us to rigid-body-dock the Mot1(NTD)-TBP crystal structure convincingly into the electron microscopy density (Supplementary Fig. 6a ).
To corroborate this placement, we superimposed TBP in the crystal structure with the ScTBP-DNA complex, and extended the ends of the DNA with generic B-form DNA. Indeed, the upstream DNA protrudes towards the electron density corresponding to the Swi2/Snf2 domain in the electron microscopy three-dimensional reconstruction (Fig. 3f) . Our model predicts that the Swi2/Snf2 domain contacts the DNA about 10-17 bases upstream from the TATA sequence, well positioned to translocate along the minor groove of the DNA 3 . This is in good agreement with previous crosslinking results and satisfactorily explains why a duplex DNA extension is required upstream of the TBP binding site for formation of a catalytically active ScMot1-TBP-DNA complex 14, 15 . To validate this model further, we localized the region of ScMot1 proximal to the upstream DNA using FeBABEmediated hydroxyl radical cleavage 16 ( Fig. 3c and Supplementary Fig. 7a ). As predicted by the model, FeBABE molecules positioned within a 9-bp DNA segment immediately upstream of the TATA sequence generated several specific C-terminal Mot1 fragments (cleavage in the Swi2/Snf2 domain), whereas no cleavage products were detected without FeBABE or when FeBABE molecules were conjugated to DNA upstream of this region or downstream of the TATA sequence (Fig. 3d , e and Supplementary Fig. 7b ).
Our combined data indicate that Mot1 recognizes TATA-bound TBP by binding to the positively charged TBP surface at H1 and H2, and by binding of the Swi2/Snf2 domain to the minor groove of upstream DNA. We suggest that ATP-dependent groove tracking of the Swi2/Snf2 domain initially disrupts TBP-TATA, followed by binding of the latch to the exposed hydrophobic groove of TBP and full dissociation of Mot1-TBP from DNA (Fig. 4a ). In this model, which is consistent with the translocation direction inferred for nucleosome remodelling enzymes 17 , the Swi2/Snf2 domain 'pulls' on TBP. Alternatively, the Swi2/Snf2 domain might push TBP. The precise tracking direction must await future studies, although the proposed two-step displacement could occur by translocation in either direction. In any case, the rotational force generated by tracking even a few base pairs of DNA by the Swi2/Snf2 domain could lift TBP from DNA sufficiently for the latch to bind. The energy of a few ATP-dependent translocation steps could be stored elastically in the HEAT repeats. In this way, Mot1 would act like a bottle opener to lift TBP from DNA, with the acidic loops functioning as the head, the HEAT repeats as the handle and the Swi2/Snf2 domain as the twisting hand.
Because TBP exists in many different complexes that could be substrates for the remodelling activity of Mot1, we compared the Mot1-TBP complex with other structurally characterized TBP complexes. The HEAT domain of Mot1 would be able to interact with TBP-TFIIB-DNA complexes as well as with TBP-NC2-DNA complexes (Fig. 4b) . The compatibility of Mot1 and NC2 binding to TBP-DNA is consistent with several in vitro and in vivo results 8, [18] [19] [20] [21] , including recent genome-wide chromatin co-localization of Mot1 and NC2 (ref. 20) . In contrast, Mot1 sterically overlaps with TFIIA, explaining how Mot1 and TFIIA compete for binding to TBP (Fig. 4c ) 10, 11, 22 . Mot1 evidently also clashes with Brf1, a subunit of the Pol III initiation factor TFIIIB (Fig. 4c) , whereas we do not see any clashes with a recent TBP-TFIIB-Pol II preinitiation complex model ( Supplementary Fig. 8 ) 23, 24 . Thus, these comparisons indicate that Mot1 can act on specific subsets of preinitiation complexes in addition to TBP alone. These may include minimal and incomplete preinitiation complexes as well as NC2-repressed TBP complexes, whereas preinitiation complexes that include TFIIA and TBP-associated factors, or Pol III preinitiation complexes (containing Brf1), may be excluded from regulation by Mot1.
The discovery of the latch and its role in reducing DNA binding and TBP dimerization indicates that Mot1 not only displaces TBP, but blocks its hydrophobic surface patch to prevent interactions with DNA or other factors that bind to the concave surface. Mot1 thus acts as a TBP chaperone to control its interaction with other macromolecules. Mot1 might hold TBP in a diffusible state, explaining how it helps to redistribute TBP rapidly between different promoters and binding sites in the genome. Redistribution between promoters requires large diffusion steps between chromosomes and chromosome loops in trans, as opposed to sliding along DNA in cis, which is probably part of the repression mode of NC2 (ref. 25) . This model is supported by the important role of Mot1 in the high cellular mobility of TBP 6, 7 and by early findings that a substantial proportion of TBP resides in a stable complex with Mot1 in HeLa and yeast cell extracts 26, 27 . The unusual interactions between Mot1 and TBP might be necessary because of the high-affinity, hydrophobic DNA-binding mode of TBP, as well as the necessity for tight regulation of its binding to specific sites in the genome, while preventing nonspecific DNA interactions. Thus, a combination of motor and chaperone functions could be a more general feature of remodelling systems that deal with the assembly or disassembly of complexes between sticky proteins and DNA. In other systems, remodelling and chaperone functions may be provided by separate factors, as seen, for example, in the cooperation of the SWI/SNF nucleosome remodelling complex and the Asf1 histone chaperone 28 . 
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These results provide a high-resolution view of how a Swi2/Snf2-type remodeller interacts with its substrate; they show how the conserved ATP-dependent DNA translocase module can be used to generate high functional specificities within the large and diverse family of Swi2/Snf2 enzymes; and they provide a testable mechanism for a remodelling reaction.
METHODS SUMMARY
Recombinant full-length EcMot1 (residues 1-1275), EcTBP, EcMot1(DCT) (residues 1-1016), EcMot1(NTD) (residues 1-779) and EcMot1(Dlatch) (D96-132) were produced in E. coli or insect cells. Protein purification was conducted using standard methods and proteins were crystallized by hanging-drop vapour diffusion. EcTBP crystals diffracted to 1.9 Å resolution and were measured at the Swiss Light Source (SLS). Native data of crystals from EcMot1(NTD)-EcTBP showed that they diffracted X-rays to 3.1 Å ; these data were collected at the European Synchrotron Radiation Facility (ESRF). Data from derivative crystals of selenomethionine-labelled EcMot1(NTD)-EcTBP were collected to 3.3 Å at the SLS. The structure of EcTBP was solved by molecular replacement using yeast TBP (Protein Data Bank code 1TBP) as a search model. The structure of EcMot1(NTD)-EcTBP was determined using selenium single-wavelength anomalous dispersion in combination with molecular replacement, with the EcTBP structure as a partial model. EcMot1-EcTBP in the presence of 2mM ADP and beryllium fluoride (ADP-BeF 3 2 ), EcMot1(E912Q) (the Walker B mutant of EcMot1 was used instead of wild type owing to its enhanced stability) or EcMot1(DCT)-EcTBP were used for negative stain (2% uranyl acetate) electron microscopic studies. Micrographs were recorded on a Tecnai G2 Spirit TEM at 120 kV. Size-exclusion experiments were performed on Ettan LC system (GE Healthcare, Superose 12 PC 3.2/30). FeBABE (Dojindo) was conjugated to 68-bp DNA duplexes, based on the sequence of the adenovirus major late promoter. Biotinylation of the top strand's 59 end allowed the duplexes to be bound by streptavidin beads. After FeBABE conjugation, TBP and Mot1 were loaded onto the modified DNAs and cutting was initiated by addition of ascorbic acid and hydrogen peroxide. 
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METHODS
Protein preparation. BL21 Rosetta E. coli cells (Novagen) were used for expressing EcTBP and EcTBP(K103E) (pET28, Novagen), and for co-expressing EcTBP and EcMot1(NTD) (residues 1-778) or EcMot1(NTDDlatch) (pET-DUET, Novagen). Proteins were purified by Ni
21
-affinity chromatography (Qiagen) using a high-salt buffer at pH 8. Further purification of EcTBP was achieved by anion exchange chromatography (HiTrap SP HP, GE Healthcare). For crystallization of EcTBP, the His-tag was removed by tobacco etch virus (TEV) protease digestion. Final purification of all proteins was performed by size exclusion chromatography (Superdex S200, GE Healthcare). Production of selenomethionine-labelled EcTBP and EcMot1(NTD) was done in E. coli. Purification of EcTBP and EcMot1(NTDDlatch), or of selenomethionine-labelled EcTBP and EcMot1(NTD), was performed accordingly.
Sequences encoding full-length EcMot1 (residues 1-1275), EcMot1(DCT) (residues 1-1016), EcMot1(NTD) (residues 1-779) and EcMot1(Dlatch) (D96-132) , including an N-terminal 10 3 His-tag, were cloned into the pFBDM transfer vector (Invitrogen). EcMot1(E912Q) (Walker B mutant) was generated by sitedirected mutagenesis of pFBDM-EcMot1. Transposition of the coding sequence into MultiBac baculoviral DNA was performed in E. coli DH10MultiBac
Cre cells 31 . Isolated bacmid DNA was used for transfection of Trichoplusia ni High Five insect cells (Invitrogen) to produce baculovirus for large-scale infections. Proteins were purified by Ni 21 -affinity chromatography (Qiagen) using buffer containing 50 mM MES (pH 6.5), 200 mM NaCl, 10 mM b-mercaptoethanol and 12.5 mM or 300 mM imidazole (for EcMot1(NTD) and EcMot1(NTDDlatch)), or 50 mM Tris (pH 7.5), 400 mM NaCl, 10 mM b-mercaptoethanol, 10% glycerol (v/v) and 12.5 mM or 300 mM imidazole (for EcMot1, EcMot1(DCT) and EcMot1(Dlatch)). Additional purification was achieved by ion exchange chromatography (HiTrap Q HP, GE Healthcare). For crystallization of the complex, EcTBP was added in excess amounts to EcMot1. Final purification of the proteins was done by size exclusion chromatography (Superdex S200, GE Healthcare). The preparation of EcMot1(BeF)-EcTBP (EcMot1 with ADP-BeF 3 2 ) was performed as described previously 32 .
Crystallization. Proteins were crystallized by hanging-drop vapour diffusion at 18 uC in a mixture of 1 ml protein (10 mg ml 21 EcTBP and 5 mg ml Structure determination. EcTBP crystals diffracted to 1.9 Å resolution and were measured at the Swiss Light Source (SLS). Native data of crystals from EcMot1(NTD)-EcTBP showed that they diffracted X-rays to 3.1 Å ; these data were collected at the European Synchrotron Radiation Facility (ESRF). Data from derivative crystals of selenomethionine-labelled EcMot1(NTD)-EcTBP were collected to 3.3 Å at the SLS. All data were processed with XDS
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. The structure of EcTBP was solved by molecular replacement using Phaser 34 and yeast TBP (PDB code 1TBP) as a model. The structure of EcMot1(NTD)-EcTBP was solved by a single anomalous dispersion experiment using SeMet data in combination with molecular replacement, using the EcTBP structure as a partial model (Phaser 34 Footprinting assays. Footprinting assays were performed as described previously 41 . Reactions contained 20 nM EcTBP, 30 nM EcMot1 and 50 mM ATP, as indicated. After incubation of TBP with DNA for 20 min at 37 uC, Mot1 was added with or without ATP for 5 min before DNase I digestion and sample processing. ATPase assay. The rates of ATP hydrolysis were measured as described previously 41 in buffer containing 4 mM Tris-HCl (pH 8), 60 mM KCl, 5 mM MgCl 2 , 4% glycerol (v/v), 100 mg ml 21 BSA and 1 mM dithiothreitol at 22 uC. Analytical gel filtration. Analytical size exclusion experiments were performed on Ettan LC system (GE Healthcare, Superose 12 PC 3.2/30) according to the manufacturer's instructions (50 mM HEPES (pH 8) or 50 mM MES (pH 6.5), 200 mM NaCl and 2 mM dithiothreitol). Electrophoretic mobility shift assays. These assays used a radiolabelled fragment of the adenovirus major late promoter 41 . Typically, ,1 nM DNA was incubated with 15-20 nM EcTBP for 20 min at 37 uC in the same buffer as was used for ATPase assays, then 30 nM Mot1 (or a Mot1 mutant) was added with or without 50 mM ATP for 5 min, before loading on a gel as previously described 42 . Dissociation kinetic assays. Kinetic analysis of the dissociation reaction was performed by addition of ATP to pre-formed ternary complexes under the conditions used in the experiment shown in Fig. 2e . Reactions contained radiolabelled DNA (,1 nM), 20 nM EcTBP and either 30 nM wild-type EcMot1 or 30 nM EcMot1(Dlatch). EcTBP was incubated with the radiolabelled DNA template for 20 min, followed by addition of EcMot1 or EcMot1(Dlatch) for 10 min. ATP was added to 100 mM for 2-20 min and reaction products were resolved at the indicated times on non-denaturing gels. To quantify the extent of complex dissociation at each time point, the free DNA band was quantified and expressed as a proportion of the free DNA present in reactions with no added protein. The results are expressed as the average 6 standard error associated with two independent experiments. FeBABE cleavage assays. FeBABE (Dojindo) was conjugated to 68-bp DNA duplexes, based on the sequence of the adenovirus major late promoter. Biotinylation of the top strand's 59 end allowed the duplexes to be bound by streptavidin beads. After FeBABE conjugation, TBP and Mot1 were loaded onto the modified DNAs and cutting was initiated by addition of ascorbic acid and hydrogen peroxide. FeBABE-mediated protein cleavage has been previously described 43, 44 . The yeast system was used to take advantage of an antibody raised to the C terminus of yeast Mot1 (ref. 45) . Static light scattering. For molecular weight determination of protein samples (2-4 mg ml 21 , with 40 mM HEPES (pH 8), 200 mM NaCl and 2 mM dithiothreitol as a running buffer) by static light scattering, we used a combination of a Viscotek 270 detector and a Viscotek VE-3580 refractive index monitor connected to a microscale HPLC system (AEKTAmicro, GE Healthcare) equipped with an analytical size exclusion column (Superdex S200 15/150 GL, GE Healthcare). Data analysis was performed using the OmniSEC software (Viscotek) using BSA (Thermo Fisher) as a reference for calibration. The chromatographs of the size exclusion, monitored by ultraviolet absorption at 280 nm, and the subsequent refractive index and lightscattering chromatographs all showed a single prominent peak indicating a homogenous sample. Plots of the determined molecular weight versus elution volumes for the evaluated peaks all showed stable molecular weights for the chosen peak areas. Dynamic light scattering. Dynamic light scattering was measured using a Viscotek/Malvern Instruments 802DLS system. Protein samples (1 mg ml 21 in size exclusion buffer) were centrifuged and the supernatant was measured at 20 uC using fluorescence cuvettes. At least ten autocorrelation curves per sample were recorded, averaged and evaluated using the OmniSIZE software and the mass model for globular proteins. All samples showed intensity distributions indicating a homogenous sample with a single peak at the given hydrodynamic radius. Electron microscopy. 3.5 ml (10-30 mg ml
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) of freshly prepared protein sample was applied to pre-coated Quantifoil holey carbon-supported grids and negatively stained using 2% uranyl acetate. Micrographs were recorded on a Tecnai G2 Spirit TEM at 120 kV. Data were collected under low-dose conditions at a nominal magnification of 390,000 and a nominal defocus of 20.9 mm using an Eagle 2048 3 2048 pixel CCD camera (FEI Company) with a resolution of 30 mm pixel 21 (3.31 Å pixel 21 object scale). 5,518 particles of EcMot1(BeF)-EcTBP (EcMot1-EcTBP in the presence of 2 mM ADP and beryllium fluoride), 7,737 of EcMot1(DCT)-EcTBP and 12,558 of EcMot1(E912Q) (Walker B mutant of EcMot1 was used instead of wild type owing to its enhanced stability) were picked using boxer 46 . Initial image processing was done using IMAGIC-5 (ref. 47) . The images were normalized, filtered at the first zero without CTF correction and centred by iteratively aligning them to their rotationally averaged sum. Initial class averages were obtained by 2-3 rounds of multivariate statistical analysis, followed by multireference alignment using homogenous classes as references. The data sets were classified into 10-20 images per class. A low-resolution density map was created by angular reconstitution and was used as an initial model for projection-matching in EMAN 1.9 (ref. 46 ). The models underwent 8-24 rounds of refinement at an angular increment of up to 5 degrees, until angular assignment was stable. The final reconstructions comprised approximately 90% of the original data set. All visualization and rigid-body fittings were carried out using the UCSF Chimera package 40 . Surface representations show density rendered at a threshold accounting for the expected molecular mass of the complexes: EcMot1(DCT)-EcTBP (140 kDa; 170,226 Å . Crystal structures and density maps were merged in VMD using MDFF, as described previously 48 . Difference densities were created by subtracting from one another maps that were rendered at a threshold accounting for the expected molecular mass of the complex. RESEARCH LETTER
